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Genetic improvementPeanut genomics is very challenging due to its inherent problem of genetic architecture. Blockage of gene ﬂow
from diploid wild relatives to the tetraploid; cultivated peanut, recent polyploidization combined with self pol-
lination, and the narrow genetic base of the primary genepool have resulted in low genetic diversity that has
remained a major bottleneck for genetic improvement of peanut. Harnessing the rich source of wild relatives
has been negligible due to differences in ploidy level as well as genetic drag and undesirable alleles for low
yield. Lack of appropriate genomic resources has severely hampered molecular breeding activities, and this
crop remains among the less-studied crops. The last ﬁve years, however, have witnessed accelerated develop-
ment of genomic resources such as development of molecular markers, genetic and physical maps, generation
of expressed sequenced tags (ESTs), development of mutant resources, and functional genomics platforms
that facilitate the identiﬁcation of QTLs and discovery of genes associated with tolerance/resistance to abiotic
and biotic stresses and agronomic traits. Molecular breeding has been initiated for several traits for development
of superior genotypes. The genome or at least gene space sequence is expected to be available in near future and
this will further accelerate use of biotechnological approaches for peanut improvement.
© 2011 Elsevier Inc. All rights reserved.Contents1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 640
2. Assembly of genetic resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 640
3. Repertoire of genomic resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 641
3.1. Molecular markers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 641
3.2. Genetic maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 642
3.3. BAC libraries and physical map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 644
3.4. Transcriptome resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 645
3.5. Whole genome sequences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 646
4. Application of genomic resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 646
4.1. Identiﬁcation of candidate genes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 646
4.2. Trait mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 647
4.3. Marker-assisted breeding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 648ch Institute for the Semi-Arid Tropics (ICRISAT), Patancheru 502324, India. Tel.: +91 40 30713305; fax: +91 40 30713074.
y).
rights reserved.
640 M.K. Pandey et al. / Biotechnology Advances 30 (2012) 639–6515. Summary and future prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 648
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 649
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6491. Introduction
Peanut or groundnut (Arachis hypogaea L.) is the fourth-largest oil-
seed crop in the world and is cultivated in more than 100 countries,
with the annual production of 35.5 million tonnes (FAO, 2009). The larg-
est producers of peanut are China and India, followed by theUSA. Peanut
seeds contain 40–60% oil, 20–40% protein and 10–20% carbohydrate.
Peanut has high nutritional value, possessing vitamin E, niacin, calcium,
phosphorus, magnesium, zinc, iron, riboﬂavin, thiamine and potassium.
Peanut is mainly used for direct consumption, in the confectionary in-
dustry, for vegetable oil in cooking and also as a source for protein
feed in the animal industry. Thesemultiple uses of peanutmake it an ex-
cellent cash crop for domestic as well as international trade.
Peanut belongs to the genus Arachis which is divided into 9
intrageneric taxonomic sections based on morphology, geographic
distribution and cross compatibility (Krapovickas and Gregory,
1994). Section Arachis is the largest section and most diverse
and harbors the only peanut species that is widely cultivated for
its seeds and pods (A. hypogaea). There are also forage species (A. pin-
toi, A. glabrata and A. sylvestris) (Valls and Simpson, 1994) and orna-
mental species (A. repens) (Stalker and Simpson, 1995). All the
sections of Arachis species possess the diploid genome except two tet-
raploids i.e., cultivated peanut (A. hypogaea) and one wild species (A.
monticola) which are cross compatible with each other (Krapovickas
and Gregory, 1994). The species in other sections are mostly diploid
and have very limited sexual compatibility with cultivated peanut.
The cultivated species, A. hypogaea,with a large and tetraploid ge-
nome, is very probably derived from a unique cross between the wild
diploid species A. duranensis (A-genome) and A. ipaënsis (B-genome)
resulting in a hybrid followed by spontaneous chromosome duplica-
tion (Kochert et al., 1996; Seijo et al., 2004). The origin through a sin-
gle and recent polyploidization event, followed by successive
selection resulted in a highly conserved genome (Young et al.,
1996). Although cultivated peanut is a tetraploid, genetically it be-
haves as diploid (Stalker et al., 1991). It has been concluded that the
A- and B-genomes contributed nearly equal amounts of DNA to the
domesticated peanut (Singh et al., 1996). Apart from A-genome and
B-genome species, section Arachis has a lone D-genome species A.
glandulifera (Stalker, 1991). Cultivated peanut is divided into two
subspecies, hypogaea and fastigiata based on growth habit and the
presence or absence of ﬂowers on the main axis. Subspecies hypogaea
is again divided into two botanical varieties (var. hypogaea and var.
hirsuta) and subspecies fastigiata into four botanical varieties (var.
fastigiata, var. peruviana, var. aequatoriana and var. vulgaris) based
on inﬂorescence, pod and seed characteristics.
Cultivated peanut is mainly grown in the semi-arid tropics (SAT)
region by resource-poor farmers. As a result, crop productivity has
been adversely challenged by several abiotic and biotic stresses. In
addition, aﬂatoxin contamination deteriorates product quality and
greatly reduces grain value. The major biotic stress factors include
early leaf spot (Cercospora arachidicola), late leaf spot (Phaeoisariopsis
personata), rust (Puccinia arachidis), mottle virus (Peanut mottle
virus), rosette virus (Groundnut rosette virus), aphids (Aphis cracci-
vora), jassids (Amrasca devastans) and thrips (Frankliniella spp.).
Drought is the major abiotic stress as 70% of the crop is under semi-
arid tropics, which is characterized by low and erratic rainfall. Soil
moisture during pod ﬁlling stages affects the aﬂatoxin accumulation
in seeds. Although several efforts through conventional breeding
have been made to enhance crop productivity, the results have not
been encouraging. However, the increasing demand for peanut will
require higher productivity and conventional breeding is inadequateto address the complex genetic behavior of the majority of desired
traits. In terms of genetic improvement, the narrow genetic base of
the cultivated peanut genepool, and the tetraploid and complex na-
ture of genome are some of the serious bottlenecks. Only limited ge-
netic diversiﬁcation has been achieved in the past through
interspeciﬁc hybridization between cultivated peanut and other spe-
cies of section Arachis due to differences in ploidy levels and the link-
age drag. Eliminating the linkage drag involves a lengthy process that
also results in dilution of the level of resistance present in wild rela-
tives of Arachis.
As demonstrated in several temperate cereal crops (Varshney
et al., 2006) and some legume crops (Varshney et al., 2010a,
2010b), molecular breeding has signiﬁcant advantages over conven-
tional breeding in handling traits which are difﬁcult to manage
through conventional phenotypic selection. Apart from handling
trait complexity, molecular breeding also facilitates introgression/
pyramiding of multiple recessive alleles very efﬁciently in less time
and with more accuracy along with pyramiding of several monogenic
traits or several QTLs for a single trait (Ribaut and Hoisington, 1998;
Varshney et al., 2005a, 2009a, 2009b; Xu and Crouch, 2008). Howev-
er, to apply the molecular breeding approaches, availability of genetic
variation in germplasm, critical mass of molecular markers, genetic
maps, and appropriate phenotyping platforms are required. In the
case of cultivated peanut, however, restricted gene ﬂow has ham-
pered the much needed broadening of the genetic base of the species.
In addition to low levels of genetic variation, the tetraploid nature of
the genome of cultivated peanut also has been responsible for the
slow progress in the area of developing genomic resources such as
molecular markers and genetic maps. Until about 2005, it was specu-
lated that molecular breeding approaches such as marker-assisted se-
lection (MAS) may not be realized in routine plant breeding programs
in the near future. Nevertheless, as a result of concerted efforts of the
international peanut community, the past ﬁve years have witnessed
signiﬁcant progress in the area of Arachis genomics and some efforts
have been initiated towards QTL mapping and molecular breeding
for resistance/tolerance to biotic/abiotic stresses for peanut improve-
ment (Varshney et al., 2010a). Examples are discussed in this article
to demonstrate that peanut has joined the select group of legume
crops where appropriate genomic resources have become available
and MAS can be implemented in crop breeding.2. Assembly of genetic resources
Generation of information about germplasm diversity for econom-
ically important traits in a given species is one of the most important
pre-breeding activities. Judicious exploitation of available genetic di-
versity is the mainstay for further crop improvement. Because culti-
vated peanut originated very recently in evolutionary time, and has
a narrow genetic variation as compared to other crop species, tapping
available genetic diversity is essential for crop improvement.
The genebank at ICRISAT, India holds the largest collection (15,445
accessions from 93 countries) followed by the National Bureau of
Plant Genetic Resources (NBPGR) (14,585 accessions), the Directorate
of Groundnut Research (DGR) of the Indian Council of Agricultural Re-
search (ICAR) (9024 accessions) in India; the Oil Crops Research Insti-
tute (OCRI) of the Chinese Academy of Agricultural Sciences (CAAS)
(8083 accessions) and the Crops Research Institute of the Guangdong
Academy of Agricultural Sciences (4210 accessions) in China; and the
U.S. Department of Agriculture (USDA) (9917 accessions) along with
small to medium collections at the Texas A&M University (TAMU) and
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CENARGEN and the Instituto Agronomico de Campinas in Brazil; and
the Instituto Nacional de Technologia Agropecuaria (INTA) and the
Instituto de Botánica del Nordeste (IBONE) in Argentina (Table 1).
Major centers holding wild Arachis species include the Texas A&MUni-
versity (1200 accessions), the USDA (607 accessions); the NCSU (406
accessions) in USA; the EMBRAPA-CENARGEN, Brazil (1220 acces-
sions); the ICRISAT in India (477 accessions) and the IBONE (472 acces-
sions) in Argentina.
Availability of a large number of cultivated accessions poses a ques-
tion about selection of appropriate lines for their utility in crop breed-
ing. The ‘core collection’ (i.e. 10% of the entire germplasm collection)
presents a manageable and cost-effective entry point into germplasm
collections for identifying candidate genotypeswith new sources of dis-
ease and pest resistance or abiotic stress tolerance (Brown, 1989).
Therefore, a core collection comprising of 1704 A. hypogaea genotypes
was developed at ICRISAT (Upadhyaya et al., 2003), which is similar to
the U.S. core collection (831 accessions) (Holbrook et al., 1993). Follow-
ing the same procedure, the Chinese core collection comprising of 576
accessions was developed (Jiang et al., 2008). However, the size of
these core collections is too large for easy exploitation by breeders.
Therefore, ‘mini-core collections’ (i.e. 10% of the core collections and
1% of entire germplasm collection) with 184, 112 and 298 accessions
have been developed at ICRISAT (Upadhyaya et al., 2002), USDA/ARS
(Holbrook and Dong, 2005), and China (Jiang et al., 2010), respectively.
Apart from the above collections, a composite collection of 1000 ac-
cessions alsowas developed based on available phenotypic characteriza-
tion, geographic origin and taxonomic data. These accessions were used
for genotyping at 20 SSR loci. Based on genetic diversity analysis and
after taking the population structure in account, a set of 300 accessions
has been identiﬁed as a “reference set” (Upadhyaya et al., 2002, 2003).
In addition to germplasm collections that represent naturally-
occurring variation, induced mutant collections for tetraploid peanut
also are being developed. Over 3400 mutant (M2) lines generated by
ethylmethane sulfonate (EMS) treatment have been used to screen for
mutations in six genes using the technique of TILLING (targeting in-
duced local lesions in genomes) (Knoll et al., 2011). TILLING is a reverse
genetic technique that requires knowledge of genome sequence
(McCallum et al., 2000). In peanut, the homeolog pairs Ara h 1.01/1.02,
Ara h 2.01/2.02 (encoding major allergen proteins), and FAD2A/B
(encoding delta-12-desaturase, the enzyme primarily controlling oleic
to linoleic acid ratio in seeds) were screened in the mutagenizedTable 1
List of major peanut germplasm collections.
Research centers Cultivated
genotypes
International Crops Research Institute for the Semi-Arid Tropics (ICRI-
SAT), India
14,968
National Bureau of Plant Genetic Resources (NBPGR), Indian Council of
Agricultural Research (ICAR), India
–
Plant Genetic Resource Conservation Unit (PGRCU), Grifﬁn, U. S.
Department of Agriculture (USDA), USA
9310
Directorate of Groundnut Research (DGR), ICAR, India 8960
Oil Crops Research Institute (OCRI), Chinese Academy of Agricultural
Sciences (CAAS), China
7837
Crops Research Institute (CRI), Guangdong Academy of Agricultural
Sciences (GAAS), China
4210
Instituto Nacional de Technologia Agropecuaria
(INTA), Argentina
3534
EMBRAPA and CENARGEN, Brazil 1200
Instituto Agronomico de Campinas, Brazil 2140
Texas A&M University
(TAMU), USA
–
North Carolina State University (NCSU), USA 740
Instituto de Botánica del Nordeste (IBONE), Argentina –population to discover gene knockouts or functional mutations in at
least one of the two homeologs for each gene duplicate (Knoll et al.,
2011). The TILLING population will be useful for functional genomics
studies as well as to recover mutations of potential value for crop
improvement.
3. Repertoire of genomic resources
Genomic resources such as molecular markers are powerful tools
to characterize and harness the genetic variation present in the germ-
plasm collection. Availability of selected genomic resources in Arachis
species is listed below:
3.1. Molecular markers
Among all genomic resources, molecular markers have direct use
for germplasm characterization, trait mapping and molecular breed-
ing. Several marker systems have been developed during the last
three decades. For instance restriction fragment length polymor-
phisms (RFLPs), random ampliﬁed polymorphic DNAs (RAPDs), am-
pliﬁed fragment length polymorphisms (AFLPs) and diversity arrays
technology (DArT) markers have proved their utility from time to
time (Gupta et al., 2010; Varshney et al., 2006). However, simple se-
quence repeats (SSRs) or microsatellites and single nucleotide poly-
morphism (SNP) markers are generally preferred for plant genetics
and breeding applications. While SSR markers are multi-allelic, co-
dominant and easy to use, the SNP markers are highly amenable to
high-throughput genotyping approaches. Development and applica-
tion of SNP markers, however, is still not routine in crop species and
especially not in low-tech laboratories.
In the case of peanut, some efforts weremade to use RFLP, RAPD and
AFLP markers for diversity analysis (Bravo et al., 2006; Dwivedi et al.,
2001; He and Prakash, 2001; Herselman, 2003; Hilu and Stalker, 1995;
Kochert et al., 1996; Subramanian et al., 2000), genetic mapping
(Burow et al., 2001; Garcia et al., 2005; Halward et al., 1993;
Herselman et al., 2004; Leal-Bertioli et al., 2009; Milla, 2003) and trait
mapping (Herselman et al., 2004). However, only few hundred SSR
markers were available until 2005. The low diversity detected with
SSR markers in the cultivated genepool demanded large-scale SSR
marker development. As a result, aggressive efforts were made world-
wide on development of SSR markers from SSR-enriched libraries,
BAC-end sequences, EST sequences and transcript sequences generatedWild
genotypes
Total
genotypes
Sources
477 15,445 Hari D. Upadhyaya, ICRISAT, India
– 14,585 http://www.nbpgr.ernet.in/monthly_progress/
cons_july11.pdf
607 9917 Noelle Barkley, PGRCU, USA
64 9024 T. Radhakrishan, DGR, India
246 8083 Jiang Huifang, OCRI, China
– 4210 Xuanquiang Liang, CRI, China
106 3640 Guillermo Seijo, IBONE, Argentina
1220 2420 José F. M. Valls, EMBRAPA, Brazil
– 2140 David J. Bertioli, University of Brasília,
Brazil
1200 1200 Charles E. Simpson,
TAMU, USA
406 1146 Tom H. Stalker,
NCSU, USA
472 472 Guillermo Seijo,
IBONE, Argentina
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markers have been generatedduring the past decade (Table 2).Most re-
cently a set of highly informative SSR markers (199 SSRs with >0.50
PIC) were identiﬁed along with polymorphism features of 946 novel
SSR markers (Pandey et al., 2011). It is anticipated that these informa-
tive markers will be very useful to accelerate molecular genetics and
breeding studies in cultivated peanut.
In terms of other marker systems, a DArT platform comprising of
ca. 15,000 features has been developed at DArT Pty Ltd (Australia)
in collaboration with ICRISAT (India), CIRAD (France) and Catholic
University of Brasília and EMBRAPA (Brazil). Use of DArT arrays
with a range of genotypes representing diploid (AA, BB) and tetra-
ploid (AABB) genome species showed a very low level of polymor-
phism in tetraploid genotypes and a moderate level of diversity
among accessions from diploid genome species (Kilian, 2008;
Varshney et al., 2010a). These results indicate that DArT markers
may not be very useful for genetics and breeding applications in cul-
tivated peanut, but they will be very informative in monitoring ge-
nome introgression from diploids into cultivated peanut lines.
In context of SNP discovery, although some studies have been un-
dertaken on allele-speciﬁc sequencing of several genes in diploid and
tetraploid species (Alves et al., 2008), limited success was obtained in
detecting sequence variation in cultivated peanut genotypes. A signif-
icant effort has been made at the University of Georgia (Steve Knapp
and Peggy Ozias-Akins, pers. comm.) where >2000 SNPs have been
identiﬁed by comparing the 454/FLX transcript sequences of 17 geno-
types. Based on these SNPs, one 1536-SNP Illumina GoldenGate SNP
array has been developed. In parallel, one 768-SNP Illumina Golden-
Gate array based on SNPs identiﬁed between diploid genotypes for
tentative orthologous genes (TOGs) has been developed at the Uni-
versity of California-Davis (Douglas Cook, pers. comm.). While these
arrays are very informative for SNP genotyping in diploid species,
homoeology between AA- and BB-genomes pose a constraint in
using these arrays for tetraploid species. While efforts are underway
to develop informative DArT and SNP markers in cultivated peanuts,
SSR markers remain the best choice for genetic and breeding studies
in cultivated peanut.
3.2. Genetic maps
Although efforts were initiated towards developing genetic maps
as early as 1993, genome mapping in peanut has signiﬁcantly in-
creased since 2005. Initial genetic maps were developed based onTable 2
List of Arachis SSR markers available in public domain.
Marker series Markers developed References
Ah, Lec 26 Hopkins et al., 19
pPGPseq, pPGSseq 226 Ferguson et al., 2
Ah, Lec, Ap 32 Palmieri et al., 20
Gimenes et al., 2
PM 103 He et al., 2003; L
AC, Ah, gi, RN, TC, Seq 338 Moretzsohn et a
S 103 Nelson et al., 200
LG, Lup 188 Proite et al., 200
RN, RM 123 Wang et al., 200
Lup, Dal, Stylo, Ades, Amor, Chaet, IPAHM, ICGM 178 Mace et al., 2007
Gautami et al., 2
EM 290 Liang et al., 2009
ES 685 Hong et al., 2010
PM 138 Yuan et al., 2010
F, H, PD 94 Song et al., 2010
AHS, AhTE 1571 Koilkonda et al.,
GM613-GM709 97 Nagy et al., 2010
GM710-GM2847 2138 Nagy et al., 2010
Fl, Ahl 1152 Douglas R Cook,mapping populations derived from the diverse parental genotypes.
For instance, one F2 population (87 lines) developed from a cross of
A. stenosperma×A. cardenasii was used to develop the genetic map
with 117 RFLP loci on 11 linkage groups with a genome coverage of
1063 cM (Halward et al., 1993) (Table 4). Subsequently, a backcross
population (78 BC1F1 lines) generated from the cross of TxAG-6, a
synthetic amphidiploid line ([A. batizocoi×(A. cardensii×A. dio-
goi)]4x) and Florunner was used to develop the genetic map with
370 RFLP loci onto 23 linkage groups and 2210 cM genome coverage
(Burow et al., 2001). The common markers mapped in both the
crosses showed a high degree of co-linearity between the diploid
and tetraploid chromosomes (Burow et al., 2001; Jesubatham and
Burow, 2006).
In terms of the second generation genetic maps based on SSR
markers, an F2 population obtained from a cross between two diploid
species with AA genome (A. duranenis and A. stenosperma) was used.
As a result, the AA-genome map comprised of 170 SSR loci on 11 link-
age groups covering 1231 cM was developed (Moretzsohn et al.,
2005). This map was saturated further and the current map based
on this population has 369 marker loci (Leal-Bertioli et al., 2009). In
parallel, a high density AA-genome genetic map (A. duranenis and A.
duranenis) has also been developed with 2319 markers (971 SSRs,
221 single stranded DNA conformation polymorphism (SSCP)
markers and 1127 SNPs) mapped on 10 linkage groups (Nagy et al.,
2010a). For the BB-genome, a genetic map with 149 SSR loci on 11
linkage groups covering 1294 cM genome coverage has been devel-
oped based on a F2 population (93 lines) derived from the cross be-
tween A. ipäensis (KG30076) and A. magna (KG30097) (Table 4).
Although low genetic diversity in the cultivated peanut gene pool
was a serious bottleneck until recently in developing the genetic maps
using mapping populations of cultivated peanut lines, availability of
large numbers of SSR markers facilitated the development of the ﬁrst
SSR-based genetic map based on a RIL population derived from TAG
24×ICGV 86031 (Varshney et al., 2009c). This mapwas further saturat-
ed with more markers and the current map based on the above map-
ping population has 191 SSR loci onto 20 linkage groups with 1785 cM
genomecoverage (Ravi et al., 2011). Subsequently, several other genetic
maps for cultivated peanut have become available recently (Table 4).
With an objective of estimating the marker order for a maximum num-
ber ofmarker loci based on a singlemap, a compositemap comprising of
175 marker loci has been developed by Hong et al. (2010a). Although
several genetic maps have become available for cultivated peanut, SNP
markers have not yet been integrated into these maps. Availability ofResearch Institute/University
99 USDA-ARS, USA
004 University of Georgia, USA/Cornell University, USA
02, 2005;
007
Universidade Estadual Paulista (UNESP), Brazil
uo et al., 2005b USDA-ARS/Tuskegee University, USA
l., 2004, 2005 EMBRAPA, Brazil/USDA-ARS, USA
6 University of Western Australia, Australia
7 University of Brasília/EMBRAPA, Brazil
7 Shandong Peanut Research Institute, China
; Cuc et al., 2008;
009
International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT), India
b Guangdong Academy of Agricultural Sciences,
China/USDA-ARS, USA
b Guangdong Academy of Agricultural Sciences, China
Shandong Peanut Research Institute, China/USDA-ARS/Tuskegee
University, USA
Shandong Academy of Agricultural Sciences, China
2011 Kazusa DNA Research Institute (KDRI), Japan
a University of Georgia, USA
a University of Georgia, USA
unpublished University of California, USA
Table 3
List of the main populations used in Arachis genomics research.
Population Lines/types Segregating traits Research Institute/University
AA genome
A. stenosperma×A. cardenasii F2 – UGA, NCSU
A. stenosperma×(A. stenosperma×A. cardenasii) 44 BC1F1 – NCSU
A. kuhlmanni×A. diogoi 179 F2 Tomato spotted wilt virus (TSWV) NCSU
A. duranensis (PI 475887)×A. duranensis (Grif
15036)
94 F2 – UGA
A. duranensis×A. stenosperma 87 RILs Late leaf spot resistance, transpiration
response to drought stress, various aspects
of plant morphology
EMBRAPA, UB
BB genome
A. ipäensis×A. magna 93 RILs Rust, various aspects of plant morphology EMBRAPA, UB
A. batizocoi (PI 298639)×A. batizocoi (PI 468327) 94 F2 Resistance to nematode, early leaf spot and
late leaf spot
TAMU
AABB genome
A. hypogaea×A. cardenasii 46 F10C9 Late leaf spot resistance ICRISAT⁎, NCSU
A. hypogaea cv. IAC-Runner 886×(A. ipäensis×A.
duranensis)
93 RILs Rust and late leaf spot resistance, various
morphological and domestication traits
EMBRAPA, UB
ICG 12991×ICGV-SM93541 200 F2 Aphid vector of groundnut rosette disease ARC-GCI
TAG 24×ICGV 86031 318 RILs Drought related traits ICRISAT†
ICGS 44×ICGS 76 188 RILs Drought related traits ICRISAT†
ICGS 76×CSMG 84-1 176 RIL Drought related traits ICRISAT†
TAG 24×GPBD 4 266 RILs Late leaf spot and rust resistance UAS-D
TG 26×GPBD 4 146 RILs Late leaf spot and rust resistance UAS-D
Tamrun OL01×BSS 56 88 RILs Yield parameter and oil content Texas Tech University
Yueyou 13×Zhen Zhuhei 142 RILs Protein content GAAS
Yueyou 13×FU 95-5 84 RILs Oil content GAAS
Yueyou 13×J 11 136 RILs Resistance to Aspergillus ﬂavus and aﬂatoxin
contamination
GAAS
CG7×ICGV-SM 94584 111 F5 Groundnut rosette disease ICRISAT⁎
JL24×ICGV-SM 94584 219 F5 Groundnut rosette disease ICRISAT⁎
CG7×ICGV-SM 90704 338 F4 Groundnut rosette disease ICRISAT⁎
Chalimbana×ICGV-SM 90704 597 F4 Groundnut rosette disease ICRISAT⁎
JL24×ICGV-SM 90704 151 F4 Groundnut rosette disease ICRISAT⁎
ICGV 93437×ICGV 94114 107 F5 Leaf rust ICRISAT⁎
ICGV 93437×ICGV 95342 466 F5 Leaf rust ICRISAT⁎
ICGV 93437×ICGV-SM 95714 105 F5 Early leaf spot ICRISAT⁎
ROBUT 33–1×ICGV-SM 95714 186 F5 Early leaf spot ICRISAT⁎
Tifrunner×Bailey High O/L 400 F5 Oil quality, early and late leaf spot USDA-ARS, UGA, NCSU
Tifrunner×C76-16,
Florida-07×C76-16
400 F5 Drought tolerance and reduced PAC USDA-ARS, UGA, NCSU
Tifrunner×NC 3033,
Florida-07×NC 3033
400 F5 Cylindrocladium black rot (CBR) disease USDA-ARS, UGA, NCSU
Tifrunner×SPT 06-06,
Florida-07×SPT 06-06
400 F5 Early and late leaf spot USDA-ARS, UGA, NCSU
Florida-07×Bailey High O/L 400 F5 Oil quality, white mold disease USDA-ARS, UGA, NCSU
Tifrunner×Olin 550 F3 Oil quality, maturity USDA-ARS, UGA, UFL
Tifrunner×NM Valencia A 225 F3 Tomato spotted wilt virus (TSWV),
maturity
USDA-ARS, UGA, UFL
Tifrunner×Florunner 700 F3 Tomato spotted wilt virus (TSWV) USDA-ARS, UGA, UFL
Florida-07×Olin 450 F3 Sclerotinia USDA-ARS, UGA, UFL
Florida-07×NM Valencia A 270 F3 Oil quality, tomato spotted wilt virus (TSWV),
Sclerotium rolfsii
USDA-ARS, UGA, UFL
Florida-07×Florunner 460 F3 Oil quality, tomato spotted wilt virus (TSWV),
Sclerotium rolfsii
USDA-ARS, UGA, UFL
Florida-07×SSD6,
Tifrunner×SSD6
66-400 F3 Early and late leaf spot USDA-ARS, UGA
PI 158839 (554CC)×Tifguard 400 F5 Nematode resistance, drought tolerance USDA-ARS, UGA
Gregory×Tifguard 78 RILs Nematode resistance, late leaf spot, seed traits USDA-ARS, UGA
SunOleic 97R×NC94022 354 RILs Tomato spotted wilt virus (TSWV), oil quality USDA-ARS
Tifrunner×GT-C20 246 RILs Tomato spotted wilt virus (TSWV), early and
late leaf spot, maturity
USDA-ARS
Yueyou 13×Zhen Zhuhei,
Zhen Zhuhei×Yueyou 13
156 F2 Dark purple testa GAAS
A. hypogaea×(A. batizocoi×(A. cardenasii×A.
diogoi))
78 BC1F1 Wild introgression UGA
A. hypogaea cv. Fleur11×(A. ipäensis×A.
duranensis)
59 BC2 Wild introgression CIRAD, ISRA CERAAS
UGA: University of Georgia, USA; NCSU: North Carolina State University, USA; EMBRAPA: Brazilian Agricultural Research Corporation, Brazil; UB: University of Brasília, Brazil;
TAMU: Taxas A & M University, USA; ARC-GCI: Agric. Res. Council-Grain Crops Institute, South Africa; ICRISAT: International Crops Research Institute for the Semi-Arid Tropics,
India† & Malawi⁎; UAS-D: University of Agricultural Sciences-Dharwad, India; GAAS: Guangdong Academy of Agricultural Sciences, China; USDA-ARS: U. S. Department of
Agriculture-Agricultural Research Station, Tifton, USA; UFL: University of Florida, USA; CIRAD: Centre de Coopération Internationale en Recherche Agronomique pour le Développe-
ment, France; ISRA-CERAAS: Institut Sénégalais d Recherches Agricoles-Centre d Etude Régional pour Ľamélioration de Ľadaptation ála Sécheresse, Senegal.
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Table 5
List of QTLs identiﬁed for some economically important traits in peanut.
Traits studied QTLs
identiﬁed
Phenotypic
variance
explained (%)
References
Biotic stress
Late leaf spot (LLS) 39 1.70–67.98 Khedikar et al. 2010,
Sujay et al., in press
Leaf rust 27 1.70–82.96 Khedikar et al. 2010,
Sujay et al., in press
Resistance to
Aspergillus ﬂavus
invasion
6 6.2–22.7 Liang et al. 2009a
Aphid vector of
groundnut
rosette disease
8 1.18–76.16 Herselman et al. 2004
Abiotic stress
Transpiration (T) 15 4.36–18.17 Varshney et al. 2009c,
Ravi et al. 2011,
Gautami et al., in press
Transpiration
efﬁciency (TE)
14 4.47–18.12 Varshney et al. 2009c,
Ravi et al. 2011,
Gautami et al., in press
Speciﬁc leaf area
(SLA)
13 3.48–13.29 Varshney et al. 2009c,
Ravi et al. 2011
Leaf area (LA) 4 7.24–11.51 Varshney et al. 2009c,
Ravi et al. 2011
SPAD chlorophyll
meter reading
(SCMR)
29 5.72–19.53 Varshney et al. 2009c,
Ravi et al. 2011
Biomass 7 4.25–20.32 Varshney et al. 2009c,
Ravi et al. 2011
Canopy
conductance
(ISC)
7 3.28–22.24 Varshney et al. 2009c,
Ravi et al. 2011
Total dry matter
(TDM)
7 4.34–22.39 Varshney et al. 2009c,
Ravi et al. 2011,
Gautami et al., in press
Agronomic traits
Shoot dry weight
(ShDW)
11 5.03–22.09 Varshney et al. 2009c,
Ravi et al. 2011,
Gautami et al., in press
Pod weight (PW) 7 4.17–8.73 Varshney et al. 2009c,
Ravi et al. 2011
Seed weight (SW) 5 4.18–8.22 Varshney et al. 2009c,
Ravi et al. 2011
Haulm weight
(HW)
6 3.78–33.66 Varshney et al. 2009c,
Ravi et al. 2011
Harvest index (HI) 3 6.39–40.10 Gautami et al., in press
Pod mass/plant 3 13.1–18.3 Liang et al. 2009a
Mature pods/plant 3 11.9–12.3 Liang et al. 2009a
Number of
branches
7 8.1–17.3 Liang et al. 2009a
Number of fruit
branches
1 17.5 Liang et al. 2009a
Height of main axis 7 8.2–12.8 Liang et al. 2009a
Stem diameter 4 7.8–24.1 Liang et al. 2009a
Leaf length, width
and length/width
ratio
7 12.4–18.9 Liang et al. 2009a
Yield parameters 5 9.19–17.69 Selvaraj et al. 2009
Oil content 7 1.5–9.5 Liang et al. 2009a,
Selvaraj et al. 2009,
Sarvamangala et al. 2011
Oil quality 10 1.4–9.7 Sarvamangala et al. 2011
Protein content 10 1.5–13.4 Liang et al. 2009a,
Sarvamangala et al. 2011
Table 4
Details of some major genetic maps constructed in Arachis species.
Population Population
size
Marker loci mapped References
A-genome genetic
maps
A. stenosperma×A.
cardenassi
F2 117 RFLPs Halward et al., 1993
A. kuhlmanni×A.
diogoi
179 F2 102 AFLPs Milla, 2003
A. stenosperma×(A.
stenosperma×A.
cardenassi)
44 BC1F1 167 RAPDs Garcia et al., 2005
A. duranensis×A.
stenosperma
F2 170 SSRs Moretzsohn et al.,
2005
A. duranensis×A.
stenosperma
93 F2 369 markers (SSR,
AFLP, SNP, RFLP,
SCAR)
Leal-Bertioli et al.,
2009
A duranensis×A.
duranensis
94 F2 2319 markers (1127
SNPs, 971 SSRs, 221
SSCPs)
Nagy et al., 2010a
B-genome genetic
maps
A. ipäensis×A. magna 93 F2 149 SSRs Gobbi et al., 2006,
Moretzsohn et al. 2009
A. batizocoi PI
298639×A.
batizocoi PI 468327
94 F2 449 SSRs Guo et al., 2010
AB genome genetic
maps
A. hypogaea×A.
cardenasii
46 F10C9 RAPDs Garcia et al., 1995
A. hypogaea×(A.
batizocoi×(A.
cardenasii×A.
diogoi))
78 BC1F1 370 RFLPs Burow et al., 2001
ICG 12991×ICGV-SM
93541
200 F2 12 AFLPs Herselman et al., 2004
TAG 24×ICGV 86031 318 RILs 191 SSRs Varshney et al., 2009c;
Ravi et al., 2011
A. duranensis×(A.
ipäensis×A.
duranensis)
88 BC1F1 298 SSRs Foncéka et al., 2009
Yueyou 13×Zhen
Zhuhei
142 RILs 132 SSRs Hong et al., 2010a
Yueyou 13×FU 95-5 84 RILs 109 SSRs Hong et al., 2010a
Yueyou 13×J 11 136 RILs 46 SSRs Hong et al., 2010a
TAG 24×GPBD 4 266 RILs 188 SSRs Khedikar et al., 2010;
Sujay et al., 2011
ICGS 44×ICGS 76 188 RILs 82 SSRs Gautami et al., in press
Gautami et al., in pressICGS 76×CSMG 84-1 176 RIL 119 SSRs
TG 26×GPBD 4 146 RILs 181 SSRs Sarvamangala et al.,
2011, Sujay et al., 2011
SunOleic
97R×NC94022
190 RILs 170 SSR, 2 CAPS Chen et al. 2010
Chen et al. 2010
Tifrunner×GT-C20 158 RILs 238 SSR, 1 CAPS
644 M.K. Pandey et al. / Biotechnology Advances 30 (2012) 639–651large number SNP markers will facilitate development of SNP-based
genetic maps in coming years.
3.3. BAC libraries and physical map
Large insert genomic DNA libraries, such as bacterial artiﬁcial
chromosome (BAC) libraries, provide a platform for physical map-
ping, map-based cloning of the genes for traits of interest, analysis
of gene structure, and function and genome sequencing. In the case
of peanut, the ﬁrst BAC library with 182,784 clones was developed
for the tetraploid peanut cultivar Florunner (Yüksel and Paterson,
2005). Recently, two BAC libraries have been developed for the prob-
able ancestors of AA- (A. duranensis) and BB- (A. ipäensis) genomes of
tetraploid peanut (Guimarães et al., 2008). These libraries possess ca.
7.4 and ca. 5.3 genome equivalents respectively for AA and BB ge-
nomes with low organelle contamination.The above mentioned BAC libraries have been used for a variety of
applications. For instance, BACs derived from the AA genomic library
have been used for the isolation of full length Resistance Gene Ana-
logs (RGAs) and the ﬁrst complete retroelement in Arachis-FIDEL
(Nielen et al., 2010). In addition, an extended version of the AA library
is currently being used to construct a physical map for the AA genome
at the University of Georgia using the “overgo hybridization”
Table 6
List of expressed sequence data (ESTs) generated at different developmental stages and
under various stresses in peanut.
Traits/stages of EST
generation
Number
of ESTs
GenBank
ID
EST–SSRs
developed
References
Under water stress
conditions
1235 – – Jain et al. 2001
Wild and cultivated
genotypes
1350 – 44 Luo et al.,
2005a, 2005b
Leaves and roots of wild
genotype (A. stenosperma)
8785 EH041934-
048197
188 Proite et al.
2007
Aspergillus infection and
aﬂatoxin contamination
21,777 ES702769-
724546
– Guo et al. 2008
Tomato spotted wilt virus
and leaf spots
16,931 ES751523-
768453
290 Guo et al. 2009
Different developmental
stages
12,000 – 94 Song et al. 2010
Seed development 17,000 – – Bi et al. 2010
Roots, leaves and seedlings 10,102 – 3187 Koilkonda et al.
2011
Root, leaf and developing
pod
84,229 – 2138 Nagy et al.
2010a
Total ESTs 173,405 5941
645M.K. Pandey et al. / Biotechnology Advances 30 (2012) 639–651technique (A. Paterson, pers. comm.). Very recently, 36,435
(28.6 Mbp) BAC-end sequences generated from the AA diploid library
(A. duranensis) as well as tetraploid (Tifrunner) genotypes by the Uni-
versity of California, USA were further used for marker development
(Wang et al. 2011 unpublished). The availability of BAC libraries
from the allopolyploid cultivated peanut and the two wild ancestors
have allowed the comparison of these genomes regarding microsyn-
teny and repetitive DNA contents and the isolation of desirable
genes and alleles from cultivated and wild species. This will facilitate
undertaking genome sequencing in peanuts.
3.4. Transcriptome resources
Transcriptome resources are an alternative source to genome se-
quence in species where genome sequence is not available. Trancrip-
tomic resources e.g. expressed sequence tags (ESTs), can be used to
understand genome dynamics as well as for applied aspects such as
development of gene-based markers and maps, transcript proﬁling
for identiﬁcation of candidate genes involved in expression of traits
of interest, and the identiﬁcation of transcriptional changes during
plant immunity responses. The use of microarray and next generation
sequencing (NGS) technologies (Varshney et al., 2009d) offers greater
potential in such transcriptional proﬁling, with deep coverage se-
quence data, unbiased transcript representation, appropriate for
gene discovery, including de novo detection of rare transcripts and
their expression, as well as alternative splicing and gene sequence
polymorphism detection. Such potential seen in NGS technologies
makes them well placed for applications in functional genomic anal-
ysis in Arachis. One important application is focusing on host–AA-genome
BB-genome
AABB-genome
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Fig. 1. Publicly available ESTs inpathogen interactions, as an approach for increasing our understand-
ing of the molecular mechanisms controlling pathogen-associated
molecular pattern (PAMP), triggered immunity (PTI), and effector
triggered immunity (ETI) in plants.
Currently, a total of 173,405 peanut ESTs are available in the public
domain in NCBI (www.ncbi.nlm.nih.gov, 25th April, 2011) (Fig. 1).
Many of these have been generated from: (i) developing seeds for
identiﬁcation of resistance-related genes involved in defense mecha-
nisms against Aspergillus infection and subsequent aﬂatoxin contam-
ination (21,777 ESTs, Guo et al., 2008), (ii) leaf tissues of peanut
cultivars resistant and susceptible to tomato spotted wilt virus and
leaf spots (16,931 ESTs, Guo et al., 2009), (iii) diverse seed develop-
ment stages (17,000 ESTs, Bi et al., 2010), (iv) different plant develop-
mental stages (12,000 ESTs, Song et al., 2010), (v) root, seeds and
leaves (10,102 ESTs, Koilkonda et al., 2011) and (vi) root tissues in
A. stenosperma resistant to Meloidogyne arenaria (8000 ESTs, Proite
et al., 2007) (Table 6). In addition to the above, some small-scale ef-
forts have contributed to the EST repertoire in peanut (Jain et al.,
2001; Luo et al., 2005a). Analysis of all publicly available ESTs using
an in-house developed script showed a huge variation in length of
submitted ESTs ranging from 37 bp to 2038 bp (average 534.4 bp)
(Sarwar Azam, pers. Comm.).
The majority of the ESTs (83.01%) were of medium length
(300–800 bp) while 11.48% were of small length (b300 bp) and
5.51% were of larger length (>800 bp) (Fig. 2). As expected from
above-mentioned discussions, the majority of the public domain
ESTs have come from seeds (57.26%), followed by roots (23.22%)
and leaves (19.02%). Most recently, the University of Georgia (UGA),
USA has developed about 1 million reads representing >350 Mb of
transcript sequences from 17 tetraploid genotypes using 454-
titanium sequencing technology. After combining these data with
publicly-available sequences submitted under NCBI BioProject Acces-
sion PRJNA49471, a consensus transcriptome assembly has been de-
veloped for tetraploid peanut which is comprised 211,244 contigs.
The largest contig was of 3907 bp with an average length of 563 bp
and N50 (the length N for which 50% of all bases in the sequences
are in a sequence of length LbN) of 609 bp. This assembly should be
useful for aligning the transcript reads using next generation se-
quencing technologies (Varshney et al., 2009d) from different geno-
types, and alignments can be used for SNP discovery. Another study
utilizing Roche-454 GS FLX Titanium technology was conducted on
two wild Arachis species under biotic (A. stenosperma/leaf spot fungi
[resistant response]) and abiotic stress (A. duranensis/hydric stress
[tolerant response]), producing a total of 743,232 ESTs. The average
length of sequence reads was 280 bp, producing genome coverage
of 85 and 78 Mbp for each respective genome. A total of 39,626 uni-
genes were functionally annotated for the two species, with those
displaying in silico differential gene expression between stressed
and non-stressed plants identiﬁed (Guimarães et al., 2011). Large
scale SSR motif and SNP collections generated in this study are well
suited for high-throughput mapping purposes, given that the aboveumber of ESTs
50,000 60,000 70,000 80,000 90,000 100,000
different Arachis species.
646 M.K. Pandey et al. / Biotechnology Advances 30 (2012) 639–651species are also parentals of a diploid reference mapping population
(Moretzsohn et al., 2005). The genomic resource developed in this
study will, in association with other genetic and genomic tools al-
ready developed for wild Arachis species, contribute to accelerate ge-
netics and breeding of peanut and the understanding of stress
tolerance/resistance mechanisms in peanut and other legumes.
Developed EST or transcript sequences have also been used for
identiﬁcation of SSRs and SNPs and their conversion into genetic
markers. For instance, a set of 44 EST–SSR markers was developed
by Luo et al. (2005a). Similar efforts were made by several other
groups (Table 2). In addition to SSRs, large scale SNP mining has
been conducted based on 454/FLX transcript sequences. For instance,
UGA has identiﬁed over 2000 SNPs after comparing the 454 sequence
reads generated from 17 genotypes. Based on these SNPs, a Golden-
Gate assay for 1536 SNPs has also been developed. Molecular markers
derived from gene/transcript sequences, generally referred as genic
molecular markers (GMMs), on one hand, provide estimates on func-
tional diversity in the germplasm collection and can be used to devel-
op the ‘functional’ or ‘perfect’markers (Varshney, 2010). On the other
hand, transcript-based markers generally have low polymorphism
compared to the markers derived from genomic DNAs (Varshney
et al., 2005b, 2010b, 2010c).
3.5. Whole genome sequences
In recent years, genome sequences have become available for sever-
al crop species including rice (2005), maize (2009), sorghum (2009),
and soybean (2010). The peanut (4X) genome is ~20 times larger
than Arabidopsis thaliana, and 2–6 times larger than rice, sorghum or
soybean. Because of its large genome size and amphidiploid nature of
its genome, sequencing for peanut genome is only just been initiated.
A Peanut Genome Consortium (PGC) (http://www.peanutbioscience.
com/peanutgenomeproject.html) has been formed having the follow-
ing speciﬁc goals: 1) a high quality chromosome scale draft of a tetra-
ploid (cultivated species) as the reference genome sequence, plus
high density maps of both progenitor and synthetic amphidiploids ge-
nomes; 2) high-throughput transcriptome characterization of the refer-
ence tetraploid cultivar; 3) characterization of gene space in
amphidiploid and diploid (progenitor species) germplasm, 4) pheno-
typic association with mapped genetic markers, and 5) interactive bio-
informatic resources for data curation and application in a breeders's
toolbox to enable molecular breeding for enhancing peanut yielding
ability, optimizing resistance to diseases and insects, tolerance to envi-
ronmental stresses, and improved quality traits. In this context, in col-
laboration with BGI-Shenzhen (China), the Peanut Genome Project
(PGP) is initiating sequencing of the peanut genome. The strategy is
an integrated one of whole-genome shotgun sequencing of tetraploid
and diploid genotypes, highly multiplexed BAC-by-BAC sequencing of0
0-
10
0
10
1-
20
0
20
1-
30
0
30
1-
40
0
N
um
be
r o
f E
ST
s
Length
45,000
40,000
35,000
30,000
25,000
20,000
15,000
10,000
5,000
Fig. 2. Length distribution of publone tetraploid cultivar (Tifrunner) with HiSeq2000 technology, and ge-
netic ordering based on low-coverage sequencing of recombinant in-
bred lines. In parallel, efforts have been initiated at the University of
California-Davis, USA (Richard Michelmore, pers. comm.) for generat-
ing ultra-high density genetic maps through low coverage, shotgun se-
quencing of diploid and tetraploid mapping populations and of the
reference germplasm set (Froenicke et al., 2011). These populations in-
cludeA. duranensis×A. stenosperma (AA genome); A. ipäensis×A.magna
(BB genome); A. hypogaea cv. IAC Runner×synthetic amphidiploid of
the two progenitor species and the reference set consisting of 300 ac-
cessions selected based on SSR genotyping data to represent the diver-
sity of the international peanut germplasm collection (Upadhyaya et al.,
2003), and the US mini-core collection (Holbrook and Dong, 2005)
along with historical and modern US cultivars. The SNPs identiﬁed in
the diversity panel will be analyzed for linkage disequilibrium (LD)
and used to reﬁne the genetic bins generated from the RIL segregation
data of different mapping populations. These efforts are expected to
both assist and complement the assembly of the reference genome se-
quence for peanut by validating genome assemblies and providing
chromosomal genetic coordinates for contigs and scaffolds. It is, there-
fore, anticipated that a draft genome sequence alongwith extensive ge-
nome and trancriptome information will be available for peanut
community within the next few years.
4. Application of genomic resources
Genomic resources developed as above are useful for accelerating
both basic and applied research for peanut improvement (Fig. 3).
Some selected areas demonstrating application of genomic resources
are given below:
4.1. Identiﬁcation of candidate genes
Apart from marker development and preparation of gene-based
genetic maps, ESTs can be used for transcript proﬁling to identify
the candidate genes for trait of interest as well as development of mi-
croarray to study differential expression of different genes at varied
growth stages.
Identiﬁcation of peanut genes were reported for encoding ara-
chins and conglutins after sequencing and analyzing randomly select-
ed clones from a cDNA library (Yan et al., 2005); cloning of a full
length cDNA encoding aldehyde oxidase from leaves of peanut
revealed 326 bp 5′ untranslated region and a 128 bp 3′ untranslated
region including a poly (A) tail of 21 nucleotides (Yang et al., 2009);
and identiﬁcation and cloning of resistance gene to TSWV in cultivat-
ed peanut along with characterization of two peanut oxalate oxidase
genes (Chen et al., 2008a, 2008b, 2011). Through a similar approach,
Guo et al. (2008) identiﬁed nine and eight resistance related genes40
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647M.K. Pandey et al. / Biotechnology Advances 30 (2012) 639–651with signiﬁcant upregulation for Aspergillus infection and subsequent
aﬂatoxin contamination, respectively, from the cDNA libraries
obtained from ‘GT-C20’ and ‘Tifrunner’.
Wild relatives of peanut have also been targeted as sources of dis-
ease resistant genes because they have high genetic diversity and
have been selected during evolution in a range of environments and
biotic stresses (Stalker and Simpson, 1995). Using in silico subtraction
of ESTs and microarray analysis, eight genes were identiﬁed as differ-
entially expressed in A. stenosperma roots during its resistance re-
sponse to M. arenaria. The expression proﬁle of the three most
differentially expressed genes Auxin Repressed Protein (AsARP), Cy-
tokinin Oxidase (AsCKX), Metallothionein Type 2 (AsMET2) was dis-
tinct in the resistant and susceptible species both after, and
sometimes even before, challenge with nematodes, as shown by
qRT-PCR and northern-blot analysis (Guimarães et al., 2010, 2011).
In a separate study, Wang et al. (2010) adopted an integrated prote-
omic approach for identiﬁcation of differentially expressed proteins
for A. ﬂavus infection under normal and drought conditions followed
by further validation by real time RT-PCR analysis. The study identi-
ﬁed a total of 29 protein spots showing differential expression be-
tween resistant and susceptible cultivars in response to A. ﬂavus
attack under drought stress. A signiﬁcant decrease or down regula-
tion of trypsin inhibitor caused by A. ﬂavus in the resistant cultivar
was also observed. In addition, proteomics approaches also helped
in identiﬁcation of drought tolerant cultivars (Basha, 1979; Katam et
al., 2007), identiﬁcation of cultivars with allergen proteins in seed
(Kottapalli et al., 2008) and unique proteins related to metabolism
in leaf (Katam et al., 2010).
Development of a large number of ESTs paved the way for the or-
igin of microarrays to study differential expression of genes at various
growth stages in a large set of genotypes. For example, the use of such
arrays for expression proﬁling in a variety of peanut tissues to under-
stand the regulatory role of microRNAs (miRNAs), which are known
to control gene expression at the post-transcriptional level in peanut,
resulted in identiﬁcation of 14 novel miRNA families as well as 75conserved miRNAs (Payton et al., 2009). Similarly, in an initial
study, 25 potential unigenes associated with stress to either drought
or to A. parasiticus were identiﬁed by monitoring up/down regulation
using a microarray of 400 unigenes (Luo et al., 2005b). Another gene
expression proﬁling study dealing with resistant and susceptible pea-
nut cultivars infected with a mixture of Aspergillus ﬂavus and parasiti-
cus spores, 62 genes in resistant cultivars were identiﬁed that were
up-expressed in response to Aspergillus infection (Guo et al., 2011).
In addition, 22 putative Aspergillus-resistance genes were also identi-
ﬁed, which were constitutively up-expressed in the resistant cultivar
in comparison to the susceptible cultivar.
4.2. Trait mapping
Trait mapping is essential to identify tightly linked markers to eco-
nomically agronomical traits through linkage/association mapping.
This is the ﬁrst step towards molecular breeding because these
mapped gene/QTLs controlling desired traits either can be intro-
gressed individually or as several genes/QTLs pyramided into an
elite cultivar using tightly linked/perfect/functional markers (Fig. 3).
Several mapping populations were developed using diverse par-
ents for a combination of traits in peanut by different research groups
(Table 3). Initial mapping populations were developed in order to
map the maximum number of loci in a single map by selecting par-
ents with diverse origins. Later, mapping populations were developed
targeting economically important traits such as biotic stresses (Toma-
to spotted wilt virus, early leaf spot, late leaf spot, leaf rust, aphid vec-
tor of groundnut rosette disease, cylindrocladium black rot disease,
sclerotinia and nematode resistance, tomato spotted wilt virus), abi-
otic stress (drought tolerance), nutritional quality (aﬂatoxin contam-
ination, oil content, oleic acid) and several agronomic traits. Attempts
to map economically important traits prior to the availability of SSR
markers in peanut were through bulk segregant analysis (BSA). BSA
was used for identifying linked marker for nematode resistance
(Burow et al., 1996; Garcia et al., 1996) and aphid vector of groundnut
648 M.K. Pandey et al. / Biotechnology Advances 30 (2012) 639–651rosette disease (Herselman et al., 2004) using RAPD and AFLP
markers, respectively (Table 5). The above strategy was also applied
for mapping the yield and yield parameters with SSR markers
(Liang et al., 2009a; Selvaraj et al., 2009). However in recent years
due to availability of advanced mapping populations such as RILs
and relatively large number of molecular markers, linkage-mapping
based marker analysis has been undertaken to identify the QTLs for
drought tolerance related traits (Gautami et al., in press; Ravi et al.,
2011; Varshney et al., 2009c), resistance to foliar disease (Khedikar
et al., 2010; Sujay et al., in press) and nutritional quality traits
(Sarvamangala et al., 2011). By using multi-environment phenotyp-
ing data for drought tolerance traits, 153 main-effect and 25 epistatic
QTLs were identiﬁed (Gautami et al., in press; Ravi et al., 2011;
Varshney et al., 2009c). On the other hand, one major QTL each for
leaf rust (55.2% PVE, Khedikar et al., 2010; 82.96% PVE, Sujay et al.,
in press) and LLS (67.98% PVE, Sujay et al., in press) was detected.
Some selected examples on trait mapping are summarized in
Table 5. Although in some cases like resistance to nematode (Nagy
et al., 2010b), leaf rust (Khedikar et al., 2010), LLS (Sujay et al., in
press) and high-oleate trait (Chen et al., 2010; Chu et al., 2009) diag-
nostic molecular markers are available for deployment in molecular
breeding, tightly linked molecular markers for are yet to be identiﬁed
for several other important traits like ELS, GRD, etc. Availability of
more genomic resources like SNPs, genome sequence, however, will
accelerate trait mapping efforts in the near future.
4.3. Marker-assisted breeding
Introgression of recessive genes and pyramiding of multiple genes
is very difﬁcult using conventional breeding methods. However,
marker-assisted selection (MAS) has proved its utility in several
crops to overcome such problems and many genes can be pyramided
either for the same trait or for different traits along with faster recur-
rent parent genome recovery through intense background selection.
Furthermore, MAS can be used to introgress many recessive genes
in less time than is possible through conventional breeding.
In the case of peanut, some efforts have already been initiated to
use the molecular markers in breeding programs. Molecular markers
linked with root-knot nematode (M. arenaria) resistance, intro-
gressed through the amphidiploid pathway into cultivated peanut
(Simpson, 2001), have been relatively easy to identify due to se-
quence divergence between diploid and tetraploid genomes (Chu et
al., 2007a; Nagy et al., 2010b). These markers have been used during
marker-assisted backcrossing (MABC) to screen for the introgressed
DNA fragment carrying nematode resistance while simultaneously
selecting for a recessive AhFAD2B allele necessary to recover lines
with a high ratio of oleic:linoleic acid (O/L) (Chu et al., 2011). While
homozygous recessive mutations in both AhFAD2 homeologs are nec-
essary to achieve high O/L, the frequency of a spontaneous loss-of-
function allele of AhFAD2A already is high in ssp. hypogaea germplasm
(Chu et al., 2007b) and ﬁxed in most elite lines of US runner and Vir-
ginia market-type peanuts (Chu et al., 2009); therefore, breeding for
high O/L may only require selection for the mutant allele of AhFAD2B.
For disease resistance traits, the molecular markers associated with
the QTL for leaf rust are being used to introgress leaf rust resistance
in elite cultivars, namely ICGV 91114, JL 24 and TAG 24 through
MABC at ICRISAT, India. At present, a total of 158 BC2F2 and 76
BC3F2 homozygous lines are available in the genetic background of
all the above three parents. In the case of drought tolerance, the
MABC approach is not the appropriate molecular breeding approach
because there are many QTLs identiﬁed for drought tolerance and
they contribute to small phenotypic variation (Gautami et al., in
press; Ravi et al., 2011; Varshney et al., 2009c). In such cases, modern
breeding approaches like marker-assisted recurrent selection (MARS)
or genomic selection (GS) seems to be better approach (Bernardo,
2009; Bernardo and Charcosset, 2006; Bernardo and Yu, 2007;Charmet et al., 1999; Heffner et al., 2009; Hospital et al., 2000;
Jannink et al., 2010; Ribaut and Ragot, 2007).
Apart from introgression of genes/QTLs linked to traits from the
elite cultivars in the variety of interest, molecular markers are helpful
for introgression the genes from wild species, which are generally in-
ferior in agronomic performance, into elite cultivars (Fig. 3). In this
context, molecular markers evenly distributed in the genome have
been utilized for tracking genome recovery during backcrossing in
several crops. While introgressing genes fromwild relatives, stringent
background selection is necessary to limit linkage drag by tracking
the presence of unwanted genomic segments of the wild relatives.
Using this feature along with limited available markers, genome-
wide segment introgressions from a synthetic amphidiploid (A. dura-
nensis×A. ipaënsis) were transferred into genetic background of a cul-
tivated variety (Fleur 11) (Foncéka et al., 2009). Marker assisted
selection of BC1F1 and then BC2F1 lines carrying the donor segments
with the best possible return to the background of the cultivated va-
riety provided a set of lines offering an optimal distribution of the
synthetic genome introgressions. In summary, now it is possible to
broaden the genetic base of the cultivated peanut by introgressing ge-
nomic segments from the wild species or synthetic amphidiploid ge-
notypes with the help of molecular markers.
5. Summary and future prospects
One of the main challenges of the low level of genetic diversity has
been partially tackled by developing several thousand molecular
markers for peanut. However, it will still take some time before
cost-effective SNP genotyping platforms are available for genotyping
the tetraploid peanut germplasm collections or peanut mapping
populations. Therefore, SSR markers are still considered the markers
of choice for genetics and breeding applications in cultivated peanuts.
Although some genetic maps have been developed for both diploid
and tetraploid genome species, genetic mapping position is available
only for few hundred SSR markers. One of the challenges to the pea-
nut community is integrating as many markers as possible on genetic
maps. Although a physical map has been developed for AA-genome
species (http:/www.plantgenome.uga.edu), it is highly desirable to
have the physical map for BB-genome also. As a result, it would be
possible to integrate the genetic and physical maps that will facilitate
gene cloning as well as molecular breeding in efﬁcient manner. In
terms of application of genomics to peanut breeding, though some ef-
forts have been made for trait mapping and molecular breeding for
resistance to some biotic stresses (e.g., leaf rust and root nematode).
The other challenging areas which should be targeted in the coming
years include production and quality constraints such as drought
stress along with aﬂatoxin/mycotoxin contamination which has tera-
togenic and carcinogenic effect on humans and animals. Further, in
the current scenario of yield stagnation, utilizing molecular breeding
to increase oil content is another possible way to increase proﬁtability
of farmers. Improving nutritional quality needs attention of the pea-
nut community through increase of oleic:linoleic acid (O/L) ratio
which will increase shelf life of peanut oil and other peanut products
along with providing health beneﬁts by decreasing blood low density
lipoprotein (LDL) levels, suppressing tumerogenesis and ameliorating
inﬂammatory diseases. Due to ongoing advances in sequencing tech-
nologies and bioinformatics strategies, it is also anticipated that ge-
nome sequence or at the least gene space for peanut genome will
soon be available. The genome/gene space sequence would provide
the opportunities to link the phenotype with genes. To reach this
goal, efforts should be devoted to high-throughput and precise phe-
notyping for different traits important to the peanut breeding com-
munity. In summary, the future of peanut genomics and use of
molecular tools in breeding seems to be bright that will ensure the
peanut improvement for different production as well as quality
constraints.
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